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Abstract—Based on experimental and observational evidence, a mode of origin involving evaporative 
fractionation is proposed for a class of petroleums enriched in light aromatic and naphthenic hydrocarbons 
(benzene, toluene, meta-xylene, para-xylene, methylcyclopentane, cyclohexane, and methylcyclohexane). 
Progressive gas loss from gas-saturated oil is suggested as the causal mechanism, with simultaneous loss 
of light ends in gaseous solution, and accompanying fractionation. These processes were simulated 
experimentally. 

Residual oils exhibit the following changes in their remaining light hydrocarbons, <C,;: (1) increase in 
aromaticity (in aromatic hydrocarbons relative to normal alkanes of similar molecular weight); (2) increase 
in “normality” (in unbranched alkanes and naphthenes relative to branched isomers), and (3) decrease 
in paraffinicity (in paraffins relative to naphthenes). Retrogressive changes in maturity indicators take 
place leading to spurious evidence of immaturity in residual oils and the derived evaporative condensates. 

The phenomena occur in many basins, and are a key to understanding major aspects of petroleum 
variability. On the basis of aromaticity and paraffinicity relationships, evaporative gas-condensates are 
distinguishable from those generated by thermal cracking. Unfractionated thermal gas-condensates are 
tare. Evaporative condensates are the daughter products of oils which have suffered evaporative 
fractionation. 
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ation, aromatic hydrocarbons, gasoline-range hydrocarbons, gas-condensates 


INTRODUCTION 


Statement of problem 


An unusual class of petroleums was first encountered 
in U.S. Gulf Coast reservoirs of Tertiary age. These 
oils and condensates are distinguished by a deficiency 
of light ends, yet they possess abnormally high con- 
centrations of low molecular weight aromatic hydro- 
carbons, particularly benzene, toluene, meta-xylene 
and para-xylene, as well as high concentrations of 
cycloalkanes, particularly methylcyclopentane, cy- 
clohexane, and methylcyclohexane. A particularly 
informative instance was provided by a suite of oils 
reservoired adjacent to a salt dome. The oils were of 
diverse compositions in the gasoline range, but 
sufficiently similar in their heavy ends to indicate a 
common origin (Thompson, 1987). They exhibited 
varying degrees of light end loss. The losses appeared 
to be accompanied by fractionation in that the oils 
exhibited progressive changes in certain inter- 
molecular ratios, the extent of which was propor- 
tional to the extent of light end loss. Four covariant 
series of compositional changes were recognized: (1) 
change of the dominant normal-alkane from n-C, to 
n-C,,; in the C, to C, range, (2) increase in 
aromaticity (in aromatic hydrocarbons relative to 
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normal alkanes of similar molecular weight), (3) 
increase in “normality”, (in unbranched alkanes and 
cycloalkanes relative to branched isomers), and (4) 
decrease in paraffinicity (paraffins relative to naph- 
thenes). No such interrelated sequence of changes has 
been previously described. 

Selected intermolecular ratios were compiled to 
describe the variation in the salt dome oils. The ratios 
were defined in a previously published study of the 
gasoline range hydrocarbons of oils (Thompson, 
1983), as shown in Table 1. 


Evaporative fractionation 


The term evaporative fractionation is suggested for 
the complex of phenomena involved in the separation 
of gas from oil in the subsurface. Fractionation can 
be defined by considering the initial development of 
a gas cap in an accumulation of gas-saturated oil. 
This could result from pressure reduction due to 
erosion or fault movement, or from the introduction 
of additional gas. Exsolution of gas involves the 
transfer of material of low and intermediate molecu- 
lar weight into the vapor phase. All light petroleum 
components, having distributed themselves according 
to their vapor-liquid equilibrium constants, will occur 
in different proportions in vapor and liquid phases. 
The concentration ratio between any two will differ 
between vapor and liquid. These are the processes of 
molecular fractionation attendant upon phase sepa- 
ration. 
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Table |. Definitions and significances of gasoline compositional ratios 


Designation Definition Property Assessed 

A Benzene/n-Hexane Aromaticity 

(fractionation) 

B Toluene/n-Heptane Aromaticity 

(fractionation) 
X Xylene (m & p)/n-Octane Aromaticity 
(fractionation) 
Cc (n-Hexane + n-Heptane)/ Paraffinicity 
(Cyclohexane + Methylcyclohexane) (maturity) 
I (Methylhexanes (2- & 3-))/ Paraffinicity 
(Isoheptane (Dimethylcyclopentanes (maturity) 
Value) (1¢c3-, 1t3-, & 1t2-)) 
F n-Heptane/Methylcyclohexane Paraffinicity 
(maturity) 

H 100 * n-Heptane/ (= Cyclohexane Paraffinicity 
(Heptane through Methylcyclohexane ) (maturity) 
Value) 

R n-Heptane/2-Methylhexane Normality 

(branching) 

U Cyclohexane/Methylcyclopentane Normality 

(branching) 


*excluding 1,cis-2-dimethylcyclopentane 


The ability of a given compound to enter the vapor 
phase depends upon its vapor pressure, or more 
strictly, upon its fugacity. This is determined by 
molecular weight, isomeric structure, hydrocarbon 
class, and the composition of the mixture of hydro- 
carbons involved. The molecular weight effect is 
greatest among gases. The fugacities of methane and 
ethane greatly exceed that of propane, which exceeds 
that of the butanes. These compounds dominate the 
vapor phase. In the gasoline range there are numer- 
ous compounds of similar, or identical, molecular 
weight. Here the effects of structure and compound 
class predominate. Aromatic hydrocarbons behave 
extremely anomalously. Almost all except benzene 
are polar structures which induce polarity in other 
molecules and form transitory complexes of higher 
molecular weight, limiting their ability to escape from 
a liquid phase. Aromatic pi bond systems also lead to 
weak intermolecular attractions, evident in the rela- 
tively low vapor pressure of benzene. 

The field of physical chemistry dealing with frac- 
tionation processes, and the distribution of material 
between coexisting liquids and gases, is that of 
fluid-phase equilibria. Reid et al. (1977) point out 
that the literature on phase equilibria has reached 
monumental proportions. It might therefore be ex- 
pected that the relative amounts of any given com- 
pound in the vapor and liquid phases of a petroleum 
accumulation could be calculated from the extensive 
thermodynamic data available for pure compounds. 
This is not the case, although satisfactory approxi- 


mations can be computed (Rowe, 1964). Exact 
quantification is not possible because the partial 
properties (those of the components of the mixture) 
are largely determined by the composition of the 
mixture, in addition to pressure and temperature. 
Petroleums are of almost infinitely variable com- 
position. 


Vapor-liquid equilibria 

Prediction of equilibrium vapor compositions can 
be developed from the statement of thermodynamic 
equilibrium for every component, i, of the mixture in 
question: 


fi=ft (1) 
where f represents fugacity, v the vapor, and L the 


liquid phase. For component /, of mole fraction y, in 
the vapor phase: 


fi = iyP (2) 


where P is the pressure, and @, is the fugacity. 
coefficient which depends upon temperature, pres- 
sure, and the mole fractions of all of the components 
of the vapor phase, not merely y;. For ideal gases ¢; 
is unity. 

In the liquid phase, containing mole fraction x, of 
component i: 


& = XS (3) 


where f° is the standard fugacity of / at the tem- 
perature of the system, and y, is activity coefficient of 
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component i, dependent on temperature, pressure, 
and composition. 

For ideal solutions, associated with vapor systems 
which are ideal gases, @, and y, become unity, and 
equations (2) and (3) can be substituted in (1), giving 


(4) 


where P,,; represents the vapor pressure of com- 
ponent i at system temperature. This is a statement 
of the combined laws of Raoult and Dalton. For 
applicability, mixtures must not only be ideal and at 
low pressure, but a temperature lower than the 
critical of the most volatile component. Methane 
dominates the mixtures of interest, but possesses a 
critical temperature of —82.1°C. Despite the limited 
applicability of (4), it indicates that the vapor pres- 
sures of pure hydrocarbons provide considerable 
insight into relative fugacities. 


YP = X,Prpi 


Vapor-liquid equilibrium constants of petroleum 
systems 


Most techniques for the prediction of vapor-liquid 
compositional behaviour are based on empirical 
vapor-liquid equilibrium constants or ratios. Each 
“constant” is applicable only to a given component 
in a specific mixture, at a fixed temperature and 
pressure. The vapor-liquid equilibrium constant, K, is 
defined as follows: 


K = y,/x; 


at system pressure and temperature. Values of K may 
be calculated through substitutions of the type shown 
in equations (2) and (3). Such are not pursued further 
here. The interested reader is referred to Reid et al. 
(1977) and references therein. A current review of 
computational models to assess the PVT behaviour 
of gas-condensate systems is provided by Stewart et 
al. (1984). 

Two factors render the determination of K values 
of complex methane-dominated hydrocarbon sys- 
tems, those of interest in relation to evaporative 
fractionation, extremely difficult; firstly, the large 
number of components in petroleums, and secondly, 
their extraordinary variability in concentration. Pub- 
lished experimental studies are compiled by Daubert 
(1983) who reports over 100 systems. The majority 
are binary, and are evaluated at pressures and tem- 
peratures significantly lower than those encountered 
in petroleum reservoirs. The concept of convergence 
pressure has facilitated the estimation of K values for 
the components of novel light petroleum mixtures 
from those of investigated mixtures of like con- 
vergence pressure. Such estimates rely on the occur- 
rence of dominant methane and the similarity of 
components in the systems compared. 

Improved simulations of the phase equilibria of 
gas-condensate and gas-oil systems can only be ob- 
tained by investigating complex, multicomponent 
systems. For example, Yarborough (1972) evaluated 
43 methane-dominated mixtures of seven to ten com- 
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ponents. Normal-alkanes through n-decane were rep- 
resented, as well as minor amounts of nitrogen, 
carbon dioxide, hydrogen sulfide, and toluene, at 
pressures up to 4500 psia, and temperatures to 250°F. 
The equilibrium constant versus pressure re- 
lationships for seven components of a_ nine- 
component mixture at 100°F are shown in Fig. 1. The 
data are representative for a gas-condensate or asso- 
ciated gas. 

There are no available vapor-liquid equilibrium 
constants for minor gasoline-range petroleum com- 
ponents in methane-dominated systems at reservoir 
temperatures and pressures. The work of Yar- 
borough is of value in providing data relating to one 
minor component. He evaluated the effect of the 
addition of toluene to several of the systems in- 
vestigated. The vapor-liquid equilibrium constants of 
the light and intermediate saturated hydrocarbons 
increased proportionately to the mole fraction of 
toluene added. Thus, aromatics facilitate the vapor- 
ization of saturated hydrocarbons, while they them- 
selves accumulate in the residual liquid phase. 

Yarborough (1972) provided details concerning a 
mixture (No. 6) comprising 0.8133 mole fraction 
methane; 0.0599 ethane; 0.0299 propane; 0.0346 n- 
pentane; 0.0252 n-heptane; 0.0189 toluene; and 
0.0182 n-decane. At the pressures and temperatures 
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Fig. 1. Equilibrium constants of Yarborough, 1972 (solid 
lines) for selected compounds in a nine-component mixture 
at 100°F. 
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indicated below (Table 2), two phases occur; mole 
fractions of each component in vapor and liquid were 
published. For comparison with the data of the 
present study, mole fractions were recast as weight 
percentages, and the compositional ratio toluene/ 
n-heptane (B, Table |) was derived. The hypothetical 
single-phase value of B is 0.69. The data of Table 2 
show that at elevated temperatures and pressures 
toluene is concentrated in the liquid (relatively high 
values of B), and n-heptane in the vapor. Further- 
more, the aromaticity of the residual liquid is en- 
hanced by increases in both pressure and tem- 
perature. 

In addition to illustrating the behaviour of light 
aromatics in vaporization phenomena, equilibrium 
ratio data predict the behaviour of the normal-alkane 
envelope. The concept of evaporative fractionation 
involves contacting an oil (confined within a reser- 
voir in nature, or within an experimental cylinder) 
with excess methane, and removing the equilibrated 
gas. Figure 2 illustrates the effect of ten such concep- 
tual equilibration steps upon the oil represented by 
the normal-alkane profile A, employing actual equi- 
librium ratios in approximate calculations. The dia- 
gram is intended merely to illustrate the rapid, pref- 
erential removal of the lighter components, and the 
recession of the dominant alkane to progressively 
higher carbon numbers. These effects are due to the 
exponential decrease in the magnitude of equilibrium 
ratios with increasing carbon number. The later 
equilibrations illustrate the deltoid normal-alkane 
profile, or gas chromatographic envelope, considered 
to be characteristic of evaporative fractionation. This 
form is illustrated in later sections, both experi- 
mentally and in nature. 


Tertiary petroleum migration 


There are few published studies of tertiary petro- 
leum migration (from reservoir to reservoir) de- 
scribing accompanying modification of light end 
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composition. Gussow (1954) postulated an important 
principle which he termed ‘differential entrapment”. 
He suggested that a structurally ascending series of 
shelf anticlines is filled sequentially by migrating oil, 
and furthermore, that oil is eventually displaced by 
gas generated in the central basin region. Note that 
this would leave the deeper reservoirs filled with 
gas-condensate formed by evaporation of oil during 
displacement. Thompson (1980) found that these 
concepts provided elegant explanation of the com- 
positional relationships observed in the San Juan 
Basin, New Mexico. Three basin margin. oils were 
found to possess carbon isotope ratios averaging 
—27.71 + 0.19%0 PDB, while gas-condensate liquids 
in the mid-basin region averaged — 27.21 + 0.64% 
PDB. The condensates are not isotopically heavier, as 
they would be if they represented thermal cracking 
residues. Likewise, paraffinicity ratios in the gasoline 
range which provide indices of thermal maturity 
(Thompson, 1979) were similar, although not identi- 
cal, in oils and condensates. Heptane values averaged 
20.51 and 19.76 in oils and condensates, respectively: 
isoheptane values were 1.24 and 1.80. The observed 
ranges of these two parameters in a large suite of 
North American oils (Thompson, 1983) were from 18 
to 60 (heptane values) and 0.8—4.0 (isoheptane values) 
in normal and supermature oils, respectively. Thus 
the differences between oils and condensates observed 
in the San Juan Basin are relatively small. 
Experimental studies of the solubility of petroleum 
and pure hydrocarbons in gas have been carried out 
principally by chemical and petroleum engineers. 
Such studies began with the pioneering work of W. 
N. Lacey (1930's), cited by Eilerts (1957, p. 194). 
Lacey’s work was directed towards an understanding 
of gas-condensates and the question of whether or 
not liquid exists in the subsurface. Geochemical 
investigations into the actual sources of gas- 
condensates are few. It appears. to be a present-day 
dogma of petroleum geochemistry that gas-con- 


Table 2. Ratio toluene/n-heptane (B) in Yarborough's Mixture 6 at various pressures and 


temperatures 
TEMPERATURE °C (°F) 
Pressure 66 50 2 200 
MPa (psia) Biiq. Byap. Brig. Bap. Bliq. Byap 
7.14 (1035) -- -- 0.76 0.56 0.78 0.61 
10.67 (1547) 0.75 0.55 0.76 0.60 0.79 0.62 
14.10 (2045) 0.75 0.60 0.76 0.63 0.79 0.66 
17.46 (2532) 0.77 0.62 0.79 0.63 0.80 0.66 
20.88 (3029) 0.78 0.65 0.79 0.66 -- -- 


B = toluene/n-heptane by wt. 
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Fig. 2. Simulated behavior of normal-alkane mixture, initially of composition (A), after ten equilibrations 
with methane, each followed by removal of the gas phase. 


densates are almost entirely the result of thermal 
cracking of oil during late catagenesis (equivalent 
vitrinite reflectance levels greater than 1.0-1.2%). 
Statements of this nature occur in all summary 
treatments. However, evidence will be presented indi- 
cating that numerous condensate liquids do not 
reflect extensive cracking, are of maturity levels nor- 
mal for oils, and that they contain allochthonous 
methane. Such are termed here evaporative condens- 
ates; those due to late catagenesis are termed thermal 
condensates. Snowdon (1978), Connan and Cassou 
(1980), Rogers (1980), Snowdon and Powell (1982) 
and Nissenbaum et al. (1985) have claimed the exis- 
tence of immature condensates, generated at 
reflectance levels below 0.6%. Such are discussed 
further in a subsequent section. 

Zhuze and Yushkevich (1959) and Zhuze et al. 
(1962, 1963) determined the solubility of crude oils in 
gases at various pressures and temperatures, and 
determined hydrocarbon group compositions in dis- 
tillation fractions. They employed the data to con- 
struct paraffin, naphthene, and aromatic profiles of 
oils and condensates, plotting concentrations versus 
average boiling point. They evaluated the mode of 
origin of certain gas-condensate accumulations, con- 
cluding in several cases that they represented oil 
fractions which had migrated in the vapor phase. 
Zhuze et al. observed and demonstrated experi- 
mentally that condensates originating in this fashion 
are enriched in paraffins, and depleted in aromatics. 
Price et al. (1983) investigated oil solubility in meth- 
ane, particularly the solubility of heavy ends, for the 
purpose of defining migration mechanisms. 

It appears that Zhuze et al. (supra cit.) were the first 
to describe the generation of gas-condensates by the 
segregation of gas and light ends from oil, without 
attendant thermal cracking, though this concept is 


implicit in the writings of Gussow (1954). They were 
also the first to observe the enrichment of light 
aromatic hydrocarbons in residual oils, an obser- 
vation independently repeated in the course of the 
present study. 

Silverman (1965) described the close association of 
light and heavy oils in a faulted multi-pay field, the 
Chevron Field, Kleberg County, south Texas. In 
explanation, he proposed “‘chemical differentiation” 
as the mechanism relating the various oil gravities, 
and a process of “separation migration” to account 
for it. He postulated that the gas cap of the deeper 
pools tended to bleed-off along faults, leaving re- 
sidual oils (40° API), depleted in light ends, in deeper 
reservoirs. The postulate also suggested that light oils 
(59° API) were created in shallower reservoirs by 
retrograde condensation of the cap gas. His principal 
emphasis was a demonstration of the genetic re- 
lationship between lighter and heavier oils. For this 
purpose he quoted several light hydrocarbon com- 
positional ratios. He did not employ the term “‘frac- 
tionation’’, nor did he investigate any related con- 
cept. 

Hunt (1979, p. 215) suggested that migrating gas 
might segregate aromatics from oil, resulting in aro- 
matic condensates, such as those of the Gulf Coast 
Pleistocene. 

The present work differs from, and extends, that of 
Zhuze et al. and Silverman in the area of fraction- 
ation effects. Here such effects are expressed in terms 
of selected intermolecular ratios in the gasoline range, 
ratios which have been reported previously for large 
numbers of sedimentary rock extracts and oils 
(Thompson, 1979, 1983). Experimental studies led to 
criteria which, it is believed, assess the frequency of 
occurrence or severity of evaporative fractionation in 
terms of gas chromatographic data and, with certain 
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limitations, in terms of distillation—physical prop- 
erty data obtained by U.S. Bureau of Mines Routine 
Distillation Analyses (Thompson, 1987). 


EXPERIMENTAL 


There are no available vapor-liquid equilibrium 
constants for minor gasoline-range petroleum com- 
ponents in methane-dominated systems, at reservoir 
pressures and temperatures. Therefore, no theoretical 
test can be made of the hypothesis that fractionation 
due to gas loss in the reservoir is responsible for 
variations in light end composition in the salt dome 
oils described above. When the oils were first ana- 
lyzed it was necessary to consider the possibility that 
accidental loss of light ends might have taken place, 
either in the stock tank or in storage. The effects of 
vapor phase loss at elevated pressure and tem- 
perature were therefore investigated by experi- 
mentally modifying a series of oil samples. The 
resulting residual oils and condensates were analyzed 
by gas chromatography and the conventional suite of 
light hydrocarbon compositional ratios (Table 1) 
determined. 

Experiments were carried out using standard en- 
gineering apparatus intended for phase equilibrium 
studies of petroleum fluids. The equipment prin- 
cipally comprised high pressure mercury pumps 
(Ruska, Inc.) and a steel pressure vessel capable of 
being maintained at constant, elevated temperature. 
Small volumes of oil were displaced into a mercury- 
sealed high-pressure cell (Ruska single-window), fol- 
lowed by sufficient methane to oversaturate the oil at 
the chosen final pressure and temperature. Details are 
given in Table 3. The cell was equilibrated for 48 hr 
with agitation (rocking), after which the vapor phase 
was bled-off under equilibrium pressure, maintained 
by pumping. The retrograde condensate from the 
vapor was precipitated in a condenser cooled by solid 
carbon dioxide. In Experiment 1, oil was equilibrated 
only once with methane. In Experimental Series 2 the 
residual oil left in the pressure vessel after an initial 
equilibration and removal of the vapor was equili- 
brated again with a further volume of methane. Thus, 
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two condensates were obtained. In Experimental 
Series 3 the initial oil and subsequent residues were 
equilibrated eleven times with additional volumes of 
methane. Samples of the eleven condensates were 
obtained, but none of the residual oils. Methane 
alone was added to the cylinder, and only vapor was 
withdrawn. 

Further information is available concerning the 
Series 2 fluids. Upon attaining the first contact equi- 
librium at 6000 psi and 260°F, the volumetric ratio of 
gas to oil in the cell was 0.6321/l. Dissolution of 
methane in the oil expanded the latter by a volumetric 
factor of 1.07. After attaining the second contact 
equilibrium the ratio of gas to oil in the cell rose to 
1.20, evidencing substantial loss of light ends from 
the oil when gas was bled-off after the first equi- 
libration. The residual oil left in the cell at 6000 psig 
and 260°F after the second removal of gas was 
flashed to 0 psig and 69°F. Shrinkage by a factor of 
0.711 occurred (formation volume factor of 1/0.711 
or 1.407); the gas liberated from solution represented 
a gas/oil ratio of 859 scf/bbl. 

Comparative experiments (Series 4) involving 
evaporation at room temperature were also carried 
out. A thin layer of the oi] employed in Experiment 
1 was allowed to stand in an open petri dish and was 
periodically sampled for analysis. 


RESULTS 


In Experiment | stock tank oil from Sulfur Bluffs 
field, Hopkins County, east Texas (Paluxy For- 
mation, 4500 feet) was employed, a high-sulfur oil of 
24° API gravity. The oil is rich in light ends, having 
a nonane/nonadecane ratio of 6.72, compared to an 
average oil value of 2.5 (writer’s unpublished data). 
The paraffinicity is high, having a heptane value of 
37.5, and the oil is therefore supermature. Aro- 
maticity is low. After treatment the oil was depleted 
in light ends, as in the illustrated examples of Experi- 
mental Series 2, shown in Fig. 3. The API gravity of 
the residual oil was 21°, and that of the derived 
condensate 46°. Compositional changes are indicated 
in Table 4. The residual oil is enhanced in aromaticity 


Table 3. Conditions of experimental evaporative fractionation 


Experimental No. of Volume G.O.R. Equilibrium Conditions 

Series Steps (liters, N.P.T.) (cu. ft./bbl) P, MPa (psi) T, °c(°F) 
oil Gas 

1 1 0.1 65 3652 41.4 (6000) 126 (260) 

2 2 0.15 35 1309 44.8 (6500) 126 (260) 

3 11 0.3 50 938 31.0 (4500) 90 (194) 

4 2 0.01 -- -- ambient ambient 


Oil employed in Series 1 and 4 was from Sulfur Bluffs field, Lower Cretaceous, 


Texas; Series 2, 
unidentified. 


Hartzog Draw field, 


Upper Cretaceous, Wyoming; Series 3, 
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Fig. 3. Gas chromatograms of liquids from Experimental 

Series 2. Condensate is first-stage; residual oil is that after 

second stage. Subsequent condensates would have resem- 
bled the residual oil (compare Series 3). 


and diminished in paraffinicity. The dominant alkane 
changed from. n-C, to n-C,,. Thus the principal 
features of the salt dome oils were reproduced. 

In collecting the condensate produced in Experi- 
ment I, insufficient cooling was applied during re- 
moval of gas from the high pressure cylinder, allow- 
ing the escape of a smoke-like hydrocarbon vapor. 
Analysis of the condensed liquid showed substantial 
light end losses (line 3, Table 4). The losses invalidate 
any conclusions which might have been drawn from 
the aromaticity and paraffinicity ratios of the con- 
densate of Experiment 1. The residual oil data are 
unimpaired. 

Experimental Series 2 employed an oil of normal 
maturity (heptane value 21.2) and of intermediate 
aromaticity in terms of toluene and xylene. The oil is 
from Hartzog Draw field, Campbell County, Wyo- 
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ming, produced from the Shannon Formation at 
9485 ft. Initial API gravity was 35°. A single sample 
of oil was equilibrated twice with methane under 
pressure. The second residual oil was sampled, as well 
as both condensates, without evaporation loss. The 
first residual oil could not be sampled. The condenser 
was cooled with solid carbon dioxide. Changes in 
gasoline composition are detailed in Table 4. Once 
again the residual oil is enhanced in aromaticity and 
normality, but diminished in paraffinicity; the first 
condensate shows the converse effects. It is note- 
worthy that the second condensate increases in aro- 
maticity, and decreases in paraffinicity, over the first. 
It may be inferred that if further steps were carried 
out, both the later condensates and the residual oils 
with which they were in equilibrium would become 
more aromatic than the initial oil. This trend was 
documented in Experimental Series 3. 

Experimental Series 3 involved eleven methane 
equilibration steps employing a single sample of oil of 
undisclosed origin. The oil was of normal heptane 
value (21.3), but of intermediate aromaticity (B, 1.24; 
X, 0.81). After each equilibration the vapor phase 
was collected at liquid nitrogen temperature, distilled 
to a C,, liquid, then analyzed by gas chro- 
matography. Resolution was lower than customary, 
so that several ratios could not be computed. 

The first condensate is less aromatic and more 
paraffinic than the parent oil, as in Experiment 2. The 
second condensate shows similar but smaller 
differences, but the third and subsequent stages are 
more aromatic and less paraffinic than the initial oil, 
reversing the initial trend. In Series 3, the aromaticity 
of the condensates increases exponentially. It is im- 
portant to bear in mind that such condensate was 
associated in the high pressure cylinder with a re- 
sidual oil of slightly higher aromaticity, and lower 
paraffinicity, although the oils were not sampled. The 
condensates therefore mirror the generation of a 
series of light-end-depleted, aromatic, naphthenic oils 
which, it will be shown, have analogs of common- 
place natural occurrence. 

The condensate data of Series 3, combined with 
reliable inference concerning the unsampled residual 
oils, leads to the apparent anomaly of both parent 
and daughter phases changing in the same direction 
(increasing aromaticity) simultaneously. This is in- 
deed the case, but had intermediate samples of oil 
been collected, it would have been found, for the 
C.-C, range, that the nth residual oil was more 
aromatic, and the nth condensate less aromatic, then 
the (n-1)th residual oil. 

Figure 4 is a representation of gas chro- 
matographic data for the key low molecular weight 
compounds and normal-alkanes of the condensates 
of stages 1, 3, 7, and 11. Stage 1 (condensate 1) shows 
the usual exponential decrease in normal-alkanes 
expected in an unaltered oil, or in its initial vapor- 
ization product. With progressive fractionation (Step 
3), the distribution becomes almost flat topped in the 
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Fig. 4. Simulated gas chromatograms of condensates from 

Experimental Series 3. M, methylcyclohexane; T, toluene; 

X, m-+p-xylenes. Paraffinicity defined as n-C,/M; 
aromaticity as X/n-C,. 


Co-Cio region, and then progressively skewed to- 
wards higher molecular weights, with increasing ex- 
cesses (over adjacent alkanes) of benzene (B), toluene 
(T), meta-, and para-xylene (X), as well as of methyl- 
cyclohexane (M). The final value of the ratio 
toluene/n-heptane shows an 8.2-fold increase over the 
initial value, xylenes/n-octane a 12.7-fold increase, 
while paraffinicity, n-heptane/methyicyclohexane, de- 
creases 3.9-fold (Table 4). The characteristic deltoid 
profile of depleted petroleums is seen at and beyond 
Stage 5. The dominent normal alkane migrates 
progressively to n-C,,, and the “‘superabundance”, or 
excess of benzene, toluene, the xylenes and methyl- 
cyclohexane over adjacent normal-alkanes, increases. 
Such superabundances of light aromatics (B > 1) will 
be demonstrated for oils from numerous basins. 

Figure 5 is a summary diagram showing the re- 
lationships of toluene/n-heptane (aromaticity, B) and 
n-heptane/methylcyclohexane (paraffinicity, F) in 
Experiments 1, 2, and 3. Conceptual tie-lines joining 
parent and daughter compositions, or the sequential 
series of daughter products in Series 3, generate an 
imaginary suite of curves which represent alteration 
pathways. If paraffinicity is initially high it is rapidly 
diminished, aromaticity increasing slowly. If aro- 
maticity is originally high, it increases rapidly, 
paraffinity decreasing asymptotically. In subsequent 
sections aromaticity and paraffinicity data are 
presented which relate to suites of oils and condens- 
ates having wide geographic and stratigraphic distri- 
butions. The data are distributed along paths parallel 
to, or coincident with, the Experimental Series 2 and 
3 trends, and are therefore interpreted in terms of 
evaporative fractionation. 

Experimental Series 4 was performed to determine 
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the comparative effects of evaporation at room tem- 
perature and evaporative fractionation at elevated 
pressure and temperature (Table 4). Even after un- 
restricted evaporation for 40 min, losses of C,, com- 
pounds are modest, although the lightest components 
are almost completely removed. Fractionation is evi- 
dent in the sharp increase in benzene/n-hexane, but 
is not accompanied by an increase in xylene/n- 
octane. Several criteria are thus indicated for dis- 
tinguishing normal evaporation from evaporative 
fractionation (conceived of as a reservoir process). 


DISCUSSION 


Evidence of evaporative fractionation processes 
affecting oils and gas-condensates in nature will be 
presented. Evidence of three types is available: (1) 
compositional ratio data for gasoline fractions of 
cogenetic sets of oils and condensates which exhibit 
increasing levels of aromaticity and concommitantly 
decreasing paraffinicity; (2) whole-oil chromatograms 
showing light end depletion accompanied by anoma- 
lously high levels of light aromatics and naphthenes; 
and (3) anomalous aromatic profiles based on U.S. 
Bureau of Mines routine Oil Analyses. The latter are 
discussed in a companion publication (Thompson, 
1987) and are not reviewed further here. 


Light hydrocarbons of unaltered oils 


Before discussing the nature of oils believed to be 
altered by evaporative fractionation, the gasoline 
composition of the starting materials (pristine oils of 
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Fig. 5. Aromaticity (B) versus paraffinicity (F), Experi- 
mental Series 1, 2, and 3. 
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Fig. 6. Relationship of heptane value (H) and ratio n- 
heptane/methylcyclohexane (F) in 76 North American oils, 
showing classification. Data from Thompson (1983). 


varying levels of thermal maturity) will be reviewed. 
Three categories of unaltered oils termed normal, 
mature, and supermature, were defined in terms of 
light hydrocarbon paraffinicity (Thompson, 1983). 
Classification was based upon parameters designated 
the heptane and isoheptane values (Table 1!) which 
are indices of maturity (Thompson, 1979). The ratio 
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employed to assess paraffinicity throughout the 
present study, n-heptane/methylcyclohexane (F), is 
strongly covariant with heptane value data (Fig. 6) 
and therefore is also a maturity indicator. Norma! 
oils possess, by definition, heptane values between 18 
and 22, generally associated with values of F between 
0.5 and 0.8, representing equivalent vitrinite 
reflectance levels of approximately 0.86-1.05%. Ma- 
ture oils, defined by heptane values between. 22 and 
30, possess values of F between 0.8 and approxi- 
mately 1.5; supermature oils exhibit heptane values 
greater than 30, F greater than 1.5. No vitrinite 
reflectance control exists for high paraffinicities devel- 
oped in petroleum reservoirs other than the two data 
shown in Table 5 for the Adorf Z1 and Z5 condens- 
ates. These have heptane values of 43.6 and 44.3, 
respectively, and reservoir R, values of 1.6-1.8%. 

In Fig. 7 a group of unmodified normal oils 
representing (1) Tertiary reservoirs in the Cook Inlet 
area (Alaska); (2) Lower Cretaceous reservoirs in the 
Denver Basin (Colorado and Nebraska); and (3) 
Upper Cretaceous reservoirs in the Powder River 
Basin (Wyoming), are characterized in terms of B and 
F (data from Thompson, 1983). The oils represent a 
variety of Mesozoic source rocks, but exhibit a 
remarkable original uniformity of composition. The 
Powder River Basin oils occur in a region approxi- 
mately seventy miles in length. Analyzed oils from the 
eastern Denver Basin and adjacent Nebraska have 
migrated many tens of miles (Clayton and Swetland, 
1980) through faults, fractures, and carrier beds, 
without compositional modification. These groups 
were previously described as exhibiting “geographic 
homogeneity”; they may also be termed pristine. 
They are evidently unchanged from the condition in 
which they left the source rock. The original, modal, 
value of B is approximately 0.25. 


Table S. Summary of distribution of aromatic hydrocarbons in representative oils 


“ 


FIELD, BUR. OF MINES TYPE OF VOLUME PERCENT AROMATICS” TOTAL 
LOCATION ANALYSIS OIL BP 50°-210°C BP 211°-420°C AROMATICS 
: Fracs. 1-7 Fracs. 8-15 
Hendricks, Tx B54137 Unfractionated 2.9 10.9. 13.8 
Darius, Iran B69085 Unfractionated i ee) 6.4 10.3 
Kawkawlin, MI B57056 Unfractionated 251 9.0 11.1 
North Smyer, TX B64112 Unfractionated 3.8 9.0 12.8 
Beaver Lodge, ND B58012 Fractionated 6.9 8.2 15.1 
Lee Harrison, TX B59054 Fractionated 7,6 8.2 15.8 
South Houston, TX -- Biodegraded 1.4 19.3 20.7 
*Data of Martin et al., 1963; Fractions 1-7 represent the gasoline range. 
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Fig. 7. Aromaticity (B) versus paraffinicity (F) for three 

geographic-stratigraphic sets of North American oils of 

normal maturity. Oils are regarded as pristine. Data from 
Thompson (1983). 


Gasoline data evidencing evaporative fractionation 


Figure 8 (data from Thompson, 1983) represents 
three groups of oils from (1) Carboniferous reservoirs 
in the central and eastern Williston Basin of North 
Dakota and eastern Saskatchewan; (2) Tertiary reser- 
voirs in the Santa Maria Basin and Santa Barbara 
Channel of California; and (3) reservoirs on the 
North Slope, Alaska. Their compositional variation 
is attributed to evaporative fractionation on the basis 
of three lines of evidence. Firstly, if pristine oils 
cluster on a B-F diagram, then most of the oils of 
Fig. 8 are altered. Secondly, a process capable of 
generating the requisite alteration vectors in terms of 
a B-F diagram was demonstrated experimentally. 
Thirdly, recognized oil modification processes dis- 
cussed below, generate alteration vectors having ori- 
entations distinctly different from those of Fig. 8. The 
effects of thermal alteration, and water-washing (ex- 
traction of light aromatics upon migration), are 
illustrated in a subsequent section. The effects of 
biodegradation upon gasoline composition were doc- 
umented by Winters and Williams (1969), Welte ez al. 
(1982), as well as by Thompson (1983). The com- 
positional changes in a North Slope oil resulting in 
the values B, 0.25 and F, 0.36 (lower left of Fig. 8) 
are attributable to biodegradation. The principal 
trend of the data of Fig. 8 is not attributable to any 
previously recognized alteration process, but is pre- 
dictable in terms of evaporative fractionation. 

The unaltered oils shown in Fig. 8 are designated 
mature. F lies between 1.2 and 1.4, associated with 
heptane values between 22 and 28. These maturities 
are higher than those depicted in Fig. 7, and in fact 
approach levels designated supermature (F > 1.5, 
H > 30). However, aromaticity appears to be approx- 
imately equal in the two sets, B averaging 0.25. The 
oils of Fig. 8 exhibit diminishing values of the ratio 
F (to approximately 0.75) with increasing aromaticity 
which could lead to an erroneous designation of 
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normal maturity in the highly aromatic oils. This 
observation emphasizes the fact that evaporative 
fractionation results in spuriously low maturity desig- 
nations in affected oils and their daughter conden- 
sates. Retrogressive changes in maturity indicators 
based on paraffinicity take place. 


Heavy ends unchanged by fractionation 


The relationship between the aromaticity of the 
gasoline range when increased by fractionation and 
the aromaticity of the remainder of the oil has not 
been adequately determined. It would be predicted 
that the heavy ends are not modified. Limited data 
are provided by the mass spectrometric analyses of 
fractions of seven oils by Martin er a/. (1963). Table 
5 summarizes the distribution of nine classes of 
aromatic hydrocarbons. Bureau of Mines analyses 
are available for oils from six of the fields repre- 
sented. They provide evidence that two of them, 
Beaver Lodge and Lee Harrison, have undergone 
evaporative fractionation. This is indicated by their 
aromatic profiles which show enhanced levels of 
alkylbenzenes in fractions 6 and 7. The profiles adopt 
a sigmoid form in these circumstances, rather than a 
smooth curvilinear one (Thompson, 1987). This en- 
tichment in alkylbenzenes in the gasoline-range is 
also evident in the data of Martin er al. for the two 
oils. However, aromatics in the mid-range and heavy 
ends appear to be approximately equal in all of the 
oils, suggesting that evaporative fractionation does 
not significantly alter the heavy ends. The fraction- 
ated oils, in the cases evaluated, are higher in total 
aromatics than the unfractionated ones. 


Evaporative condensates 


Evaporative fractionation of oil occurs upon the 
generation of a mobile gas phase (a single-phase 
fluid) bearing substantial volumes of light and inter- 
mediate molecular weight hydrocarbons in solution. 


* a N. Slope, AK 

* Williston, ND 

e Santa Maria, 
Santa Barbara, 
CA 


Tolucne/n-Heptane 


° 3 
w_ Pristine 


ad @ condition 


n-Heptane/ 
Methylcyclohexane 


Fig. 8. Aromaticity (B) versus paraffinicity (F) for North 
American oils interpreted as exhibiting evaporative fraction- 
ation. Data from Thompson (1983). 
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Generation of gas-condensates 


This gas must, it appears, either exit from the reser- 
voir system at the surface of the earth, or be trapped 
in shallower reservoirs. It follows logically that a 
region possessing abundant fractionated oils should 
exhibit plentiful accumulations of gas-condensates. 
Both of these features are present in the Gulf of 
Mexico region, but GC analyses of gasoline-range 
hydrocarbons with which to assess the nature of the 
fluids are presently unavailable for publication. 

Gasoline analyses are, however, available for a 
group of gas-condensates occurring in the Zechstein 
Basin of northwest Germany, principally in the Per- 
mian Stink Kalk, a bituminous limestone and proba- 
ble source formation designated the Ca2 horizon of 
the Middle Zechstein Series (Schoell, 1984). Complex 
geological structure facilitates the occurrence of al- 
most identical gas-condensates in the Upper Carbon- 
iferous, evidently by migration. Table 6 presents 
relevant analytical data prepared in cooperation with 
M. Schoell who also isotopically characterized the 
non-condensable gaseous components and provided 
the samples. 

A second group of condensates with available 
gasoline analyses comes from sub-Alpine basins in 
southern Germany and northern Italy (Table 6). 
Non-associated gas is produced from Miocene, Oli- 
gocene, and pre-Tertiary reservoirs. The section also 
produces oil. The Breitbrunn field (Table 6) is in the 
Molasse Basin of southern Germany. The Molossa 
field is in the Po Valley Basin, northern Italy. Both 
areas are described by Schoell (1984), who provided 
the condensate samples. 

Figure 9 represents the aromaticity and para- 
ffinicity parameters, B and F, of the German and 
Italian condensates. All condensates except four 
(Molossa, Kalle, Adorf Z1 and Z5) exhibit the same 
relationships as were created experimentally. An in- 
terpretation based on the evaporative fractionation 
of precursor oils is therefore postulated. The model 
suggests that the precursors were of slightly lower 
paraffinicity than the most paraffinic condensates, 
that is, that the precursor oils were of normal matu- 
rity (F =0.5-0.8). The four condensates named 
above are exceptions which appear to be of high 
maturity but otherwise unaltered, as described fur- 
ther below. However, the majority can be explained 
in terms of progressive evaporative fractionation. 


Thermal condensates 


The conventional understanding of gas condens- 
ates is that, almost without exception, they are ther- 
mal in origin, implying that they are generated by the 
cracking of liquid oil, particularly at vitrinite 
reflectance levels in excess of 1.2%. The sections 
above indicate that many gas-condensates are formed 
by merely physical processes involving evaporative 
fractionation. A source of gas at depth in invoked, 
possibly directly from source rocks, or due to the 
cracking of oil in deep accumulations. However, a 
few gas-condensates possess the paraffinicities of 
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supermature oils, but occurring in the gas phase are 
truly thermal condensates. Such are the Adorf Z!, 
Adorf Z5, and Kalle Z6 Zechstein condensates. 
Supermature oils possess heptane values greater than 
30, isoheptane values greater than 2.0, and values of 
the paraffinicity ratio F greater than 1.5. Such values 
occur in these three condensates (Table 6) which are 
found in the deepest reservoirs in the Ems area, 
exhibiting vitrinite reflectances of 1.3-1.8%, levels of 
rapid thermal cracking. Both Faber er al. (1979) and 
Miiller (1984) have shown that the Middle Zechstein 
carbonates include petroleum source beds. As the 
Adorf and Kalle gas-condensates are reservoired 
within their source unit, observations of stratal matu- 
rity can be applied, at least as minima, to the 
contained fluids. 

Further evidence of the highly mature state of the 
three condensates is provided by their isotopically 
heavy nature, in terms of 6°C and 5D. Thermal 
maturation enriches residual fluids in °C and D by 
the generation of isotopically light methane. In the 
Adorf and Kalle condensates, 56°C averages — 24.5 
per mil, and 6D, —65 per mil, while comparable 
averages for the other members of the suite reported 
by Schoell (1984) are —25.6 and —101 per mil, 
respectively. The Molossa condensate is closely simi- 
lar to these three Zechstein cases in gasoline aro- 
maticity and paraffinicity. Together, the four samples 
demonstrate that increase in light end paraffinicity is 
accompanied by increase in aromaticity during ther- 
mal cracking. A similar observation appears to have 
been made previously only by Sawatzky et al. (1977). 
They noted that increasing maturity causes a dra- 
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Fig. 9. Aromaticity (B) versus paraffinicity (F) for fifteen 

gas-condensate liquids. Molossa, Kalle, Adorf Z1, and Z5, 

are interpreted as unfractionated thermal condensates, the 

remainder as originally normal or mature evaporative con- 
densates. 
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matic increase in alkylbenzenes and benzene in Cana- 
dian East Coast oils. On the contrary, heavy end 
aromaticity decreases during maturation, as shown 
by Tissot and Welte (1984). 


Oils and gas-condensates with spurious characteristics 
of immaturity 

Progressive increase in the paraffinicity of gasoline- 
range extracts of sedimentary rocks can be traced 
from 180°F to over 380°F stratal temperatures (R, 
0.45% to R, 1.95%) in the Gulf Coast Miocene. 
Heptane values increase linearly from unity to 35, 
and isoheptane values increase exponentially from 
approximately 0.5 to over 6 in aromatic, Type III, 
kerogens (Thompson, 1979). Isoheptane values in- 
crease less rapidly in Type II, aliphatic, kerogens. 
These scales were related to the generation of oil in 
1983, and it was suggested that the lowest heptane 
value occurring in a widespread, uniform suite of oils 
was 18. Lower paraffinicities were attributed to bio- 
degradation. This work shows that progressive frac- 
tionation can reduce initially high paraffinicities to 
low values, evidenced clearly by Experimental Series 
3 (Table 4), the Williston basin data (Fig. 8), and the 
Breitbrunn condensates (Table 6). It is to be added, 
however, that a small proportion of oils are released 
at low levels of source rock maturity, for example, 
certain of those of the San Joaquin Valley, California. 
Here, low levels of paraffinicity are accompanied by 
high levels of pristane, phytane, and steranes, the 
latter in their biological configurations, without evi- 
dence of biodegradation. All of these features com- 
bine to suggest immaturity. 

It is evident that interpretations of indices of 
paraffinicity in fluids (H, I, and F) must be made in 
conjunction with those of indices of aromaticity (A, 
B, and X). High values of the latter may evidence 
fractionation. The paraffinicity of fractionated liquids 
is anomalously low, in relation to their thermal 
history. A regionally-representative suite of analyses 
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Fig. 10. Aromaticity (B) versus paraffinicity (F) for oils of 

the Vienna Basin, data of Welte et al. (1982). Cases 1-5 

represent fluids from Triassic reservoirs wherein the gas- 
condensates are probably derived from the oils. 
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will frequently reveal the original maturity of the 
pristine oils or condensates of the area when plotted 
on a B versus F diagram, as shown in Figs 8-10. 

Several published studies (Snowdon and Powell, 
1982; also Nissenbaum et al., 1985) have employed 
low observed values of indices of paraffinicity (hep- 
tane and isoheptane values) to aid in the definition of 
fluids which were termed immature condensates. Con- 
vincing evidence of the absence of biodegradation 
should accompany such claims, because the process 
lowers paraffinicity. Furthermore, present knowledge 
suggests that condensates should be reexamined for 
evidence of fractionation. Paraffinicities attributed to 
immaturity by Snowdon and Powell (H, 8-15; [, 
0.5-1.75), and by Nissenbaum ez al. (H, 7.1; I, 0.12) 
could have been generated by fractionation of a 
mature oil. Snowdon and Powell (1982) suggested 
that plant resins associated with Type II kerogens 
are the source of “immature” condensates. Recent 
hydrous pyrolysis studies by Lewan and Williams 
(1987) indicate strongly that resins do not generate 
naphthenic petroleums at low maturity levels. Eje- 
dawe (1986) drew the opposite conclusion for certain 
Niger delta wells but presented no detailed analytical 
evidence. 


Vienna Basin oils and condensates 


Welte et al. (1982) provided a body of analytical 
data relating to 57 oils and 3 condensates from the 
Vienna Basin, Austria, an intra-Alpine subsidence, 
adjacent to, and east of, the Molasse Basin. The 
majority of samples derive from the Miocene- 
Pliocene basin fill, up to 5km in thickness. Eight 
samples, including the condensates, are from in- 
tensely folded Upper Cretaceous and Upper Triassic 
strata, deformed by the Alpine orogeny, occurring 
beneath a major unconformity. Sterane and trite- 
rpane patterns in the oils demonstrated that all of the 
oils, with one exception, derive from a single, 
unidentified, Mesozoic source. The majority of oils 
are biodegraded. The “unaltered” oils, as recognized 
by Welte er al., are plotted in Fig. 10. 

Figure 10 suggests an interpretation of the com- 
position of the oils in terms of evaporative fraction- 
ation. They are regarded here as variously enriched 
in toluene and methylcyclohexane by this process. 
The oils appear to derive from a pristine stock 
represented in the Aderklaa field. These are mature 
oils (average F, 1.1; B, 0.24). The alteration pathway 
in Fig. 10 largely coincides with that observed for 
numerous Zechstein condensates, as well as that of 
Experimental Series 3. The gas chromatograms of 
these oils illustrated by Welte et al. lack resolution 
below approximately n-C,,. However, several (for 
example, Schénkirchen Tief.38 and Rabensburg U4) 
are clearly deltoid, the dominant normal-alkane in 
both being n-C,,. These features resemble those of 
the residual oil and late-stage condensates of Experi- 
mental Series 2 and 3, respectively, also those of the 
representative Gulf Coast oil illustrated below. 
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U.S. Gulf Coast oils and condensates 


A novel interpretation of U.S. Bureau of Mines 
Routine Oil Analysis Data (Thompson, 1987) indi- 
cates that over 75% of the oils in Gulf Coast Tertiary 
reservoirs are depleted in light ends, and are enriched 
in light aromatic hydrocarbons, that is, they are 
evidently affected by evaporative fractionation. Gas 
chromatographic evidence of the phenomenon is 
illustrated in Fig. 11. Oils closely similar to that of 
Bayou Sale, and which reproduce the features of 
Experimental! Series 2 and 3 condensates and oils, are 
commonplace in the region. Relevant gas chro- 
matographic data will be the subject of a future 


paper. 
Allochthonous methane 


The mechanism of evaporative fractionation is 
believed to be represented by the experiments de- 
scribed above. An excess of methane was employed, 
suggesting that fractionated reservoirs in nature 
might contain allochthonous methane: gas added 
through fractures in amounts exceeding the com- 
plement generated with the oil. Schoell (1984) 
presented isotopic evidence (65"C and 5D) of the 
partially allochthonous nature of the methane associ- 
ated with the Zechstein Ca2 condensates, attributing 
part to highly mature Upper Carboniferous coals 
beneath the Zechstein Series. This concept was ini- 
tially proposed by Boigk et al. (1976). It is suggested 
here that ethane in the Ca2 fluids is entirely allo- 
chthonous on the basis of 6"3C values. Schoell quoted 
data for 15 condensates exhibiting an average 5 °C of 
—25.51+0.76 per mil for the C,,, fraction. The 
methane in six of them for which data were provided 
averaged —28.15 + 1.88, while ethane in the same 
gases averaged —23.50+ 1.22 per mil. It is not 
possible for ethane to be richer in °C than the carbon 
pool from which it is derived, thereby excluding the 
condensates as a source. This is in accord with the 
suggested mechanism, involving both allochthonous 
methane and ethane. 
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Fig. 11. Gas chromatogram of oil from Bayou Sale field 
(Miocene), Louisiana. Deltoid profile and “super- 
abundances” of toluene (T) and m+ p-xylene (X) re- 
produce features of Experimental Series 3 and are attributed 
to evaporative fractionation. Features are characteristic of 
the majority of Gulf Coast Tertiary-reservoired oils. 
Methyicyclohexane, M; ”-Heptane, 7. 
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Further evidence of allochthonous methane in 
fractionated oils is available in the case of the Vienna 
Basin. Schoell (supra cit.) provided 6°C (methane) 
data for several fields from which oils were analysed 
by Welte ez ai. (1982), although there is no correspon- 
dence by well number. Most of the analysed oils of 
the Vienna Basin (Fig. 10) are believed to have 
originally possessed values of B and F close to those 
of the Aderklaa field, with the probable exception of 
the Triassic Schénkirchen reservoirs (cases 1-5). The 
majority are therefore construed as being of equal 
actual maturity. They should be accompanied by 
methanes representing a consistent level of thermal 
cracking and possessing approximately equal values 
of 53C. However, Schoell reported methanes ranging 
from —32.2 to —42.8 per mil in the Tertiary reser- 
voirs of Schénkirchen, Matzen, and Aderklaa. The 
wide range demonstrates the allochthonous nature of 
part of the methane in fields possessing fractionated 
oils. Schoell (supra cit.) also provided isotopic data 
for the methane of a Breitbrunn gas-condensate from 
the Molasse Basin. 6°C was —67.7 per mil, 5D, 
—192 per mil. Both values are characteristic of 
bacterial methane, as Schoell (1983) demonstrated. 
The gas is clearly allochthonous in relation to the 
condensate. 


Hypothetical mechanisms 


Evaporative fractionation appears to entail two 
basic mechanisms if the experiments described above 
simulate natural phenomena, as seems to be the case. 
Firstly, the fractionating process takes place at the 
moment of segregation of a saturated gas phase from 
gas-saturated liquid. Secondly, and subsequently, a 
process of separation ensues, with migration of the 
gas phase away from the parent liquid. There is no 
factual information as to the mode of operation of 
either segregation or separation steps. 

Several published hypotheses bear on the sepa- 
ration process. The earliest was that of Gussow 
(1954) who described “differential entrapment” of oil 
and gas in a series of shelf anticlines. He postulated 
oil and gas migrating simultaneously. When struc- 
turally lower traps are filled to the spill point oil can 
no longer enter, but gas wiil be able to do so, 
displacing oil updip. Eventually the lower traps will 
contain only gas, in fact, a gas-condensate fluid in 
phase-equilibrium with the oil. This is a realistic 
model, but not one which suggests much interchange 
or variability in fluid contents. 

Schowalter (1979) expanded these concepts to in- 
clude a series of permeability-limited stratigraphic 
traps in a process which he termed “leak differential 
entrapment’’. Stratigraphic traps were seen as a series 
of displacement-pressure barriers which would hold a 
given maximum hydrocarbon column, and then leak 
updip. The earliest leakage fluid in this instance is 
gas, from the apices of the traps. Once again, satur- 
ated gas is separated from equilibrated oil. This 
mechanism has the appeal of versatility, and applica- 
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bility to deltaic sequences, where all sand bodies are 
ultimately lensoid. Silverman (1965) described “sepa- 
ration migration”. For this process to take place, 
separate oil and gas phases must already exist in the 
trap. Fault leakage of the gas cap alone was visual- 
ized, with retrograde condensation of the migrating 
gas in a shallower trap. Two fractionating steps are 
represented here. There appears to be no other 
published evidence of the natural occurrence of retro- 
grade condensate liquids in reservoirs. 

Segregation processes do not appear to be ad- 
dressed in the literature. An early opportunity for 
segregation occurs during initial secondary mi- 
gration. Presumably, oil leaving a source unit is 
gas-saturated. Within a carrier bed, as pressure and 
temperature decrease, degassing with fractionation 
will take place. This mechanism provides, however, 
only a limited range of pressure and temperature 
conditions for degassing, and therefore a limited 
range of compositions. To provide the element of 
randomness of pressure and temperature conditions 
for segregation, whence the opportunity for tremen- 
dous variability in composition of fractionated co- 
genetic oils, as found in the Gulf Coast, a fault-driven 
model was proposed (Thompson, 1987). In summary, 
it is believed that a random fault or fracture, con- 
necting a gas-saturated oil accumulation and a shal- 
lower trapping bed, generates a low pressure region 
in its vicinity in the oil accumulation. Pressure is 
believed to equalize along the open fracture, at a level 
intermediate between that at its upper and lower 
limits. In the oil accumulation this might be a pres- 
sure below the bubble point. If so, degassing ensues 
immediately in the vicinity of the fracture, initiating 
two-phase flow. 

In two-phase flow the rates of simultaneous flow of 
oil and gas in a porous medium differ substantially, 
and are determined by relative permeabilities and 
relative viscosities. Concerning the former, Arps and 
Roberts (1955) found that, on the average, for sixteen 
productive sandstones, gas relative permeability was 
equal to that of oil at 30% gas and 70% oil satur- 
ation. As gas viscosity is generally approximately one 
percent of that of oil, gas flow in these circumstances 
would exceed oil flow by a factor of one hundred. 
With increasing gas saturation there is rapid decrease 
in oil flow. At 50% gas and 50% oil saturation, oil 
flow diminishes to one part in one thousand of net 
flow. 

These reservoir engineering principles (Craft and 
Hawkins, 1959), can be applied to a hypothetical 
fault breaching a gas-saturated oil sand. They suggest 
that the fault pathway would be an avenue of gas 
flow only. The liquid phase would be substantially 
trapped in the reservoir because of relative perme- 
ability and relative viscosity phenomena. The release 
of saturated gas from an oil accumulation is con- 
ceived of as the vital fractionating step required to 
drive the process of evaporative fractionation. The 
randomness of a fault mechanism is appealing be- 
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cause of the variety of compositions which could be 
produced from a pristine oil by variations in pressure 
and temperature in the faulted reservoirs. The possi- 
bility of introducing relatively dry gas from depth 
adds the opportunity for further fractionation steps. 


Frequency of occurrence of evaporative condensates 


As described in the introduction, the gas- 
condensates of the San Juan Basin, New Mexico, are 
largely of evaporative origin. The majority of those 
in the U.S. Gulf Coast Tertiary appear to be similarly 
generated, on the basis of limited evidence (Thomp- 
son, 1987). An investigation of 126 oils and conden- 
sates of the Dnieper-Donets Depression (Ko- 
tchinskaya and Novosiletskiy, 1978) revealed a wide 
range of values of a thermal alteration index, defined 
as the ratio of the sum of paraffins-plus-aromatics to 
naphthenes in the gasoline range. At each level of the 
index, which decreased regularly away from the basin 
center, there occurred both oils and condensates. This 
suggests gas-condensate generation by a physical 
process, not thermal cracking. Powell (1979) attrib- 
uted the generation of gas-condensate encountered in 
the well Snorri J-90 on the Labrador Shelf of Canada 
to separation from an oil during migration, according 
to the model of Schowalter (1979). 

In summary, it is suggested that large numbers of 
gas-condensate accumulations are the products of 
evaporative fractionation, especially those in sedi- 
ments of maturity levels within the range of 0.5-1.2% 
vitrinite reflectance, the oil window. Relevant statis- 
tics are not yet available. 


SUMMARY 


The concepts of this study are summarized in Fig. 
12 in terms of alteration vectors on a B-F diagram. 
Twelve regions of available data, representing single 
fluids or groups, are indicated by values of the ratios 
toluene/n-heptane (B), and  a»-heptane/methyl- 
cyclohexane (F). Fluid compositions 1-5 represent 
experimentally generated changes wherein the re- 
moval of a saturated gas phase was the causal 
mechanism of change. The processes are jointly 
termed evaporative fractionation (vectors A). Vectors 
67 and 8-9 represent sequences of observed 
compositions of oils and condensate in four basins 
(Zechstein, North Slope, Williston, and coastal Cali- 
fornia). These and other observations (cluster 10, 
data of Fig. 7) are believed to infer that all source 
rocks generate oils of nearly identical paraffinicity 
and aromaticity parameters in the gasoline range, 
firstly in pristine oils. Close similarities are preserved 
during subsequent alterations. Vectors 6-»7 and 
8-9 are attributed to evaporative fractionation. 

Evaporative fractionation appears to be a major 
mechanism of generation of gas-condensate fluids 
within the oil-window, generally recognized as occur- 
ring between 0.5 and 1.2% vitrinite reflectance levels. 
Such are the condensates of the San Juan Basin, also 
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Fig. 12. Summary diagram representing alteration vectors of 

four types: (A) evaporative fractionation; (B) maturation; 

(C) extraction of light aromatics by water; and (D) bio- 
degradation. Data groups are defined in text. 


those of the Zechstein and Molasse basins. Limited 
published data (Thompson, 1987) suggest that those 
of the U.S. Gulf Coast are principally of evaporative 
origin. In the generation of gas-condensates by this 
mechanism, allochthonous methane would be re- 
quired after the exhaustion of the gas initially present 
in solution in a given oil reservoir. Partial derivation 
of the Zechstein gas from Upper Carboniferous coals 
at depth provides an example of allochthonous meth- 
ane. Others are quoted. 

Unaltered pristine oils of normal maturity, F < 0.8, 
form a tight cluster on a B-F diagram (group 10, in 
Fig. 12, representing three basins). It is postulated 
that thermal transformation of oils in deep reservoirs 
leads to progressive cracking, with increasing 
paraffinicity and, as first documented here, slight 
increase in aromaticity (mature oils, F =0.8-1.5, 
Groups 8 and 11, Figs 8 and 9, respectively). Ad- 
vanced maturation without loss of light ends leads to 
supermature oils and condensates. The latter are 
exemplified by the Adorf condensates, Group 12, 
F > 1.5, occurring in reservoirs of elevated vitrinite 
reflectance levels (1.6-1.8%). Substantial increases in 
aromaticity accompany late stage maturation, indi- 
cated by vector (B). In fact, superabundances of light 
aromatics are generated by thermal cracking, as well 
as by fractionation, leading to values of ratios B and 
X greater than unity. It is suggested, as put forward 
by numerous others (references of Silverman, 1965; 
also Welte et al., 1982), that aromaticity is frequently 
diminished by extraction of low molecular weight 
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aromatic compounds in connate or meteoric waters 
during migration, indicated schematically by vector 
(C). Analysis (1) represents the Sulfur Bluffs oil of 
Experiment 1, interpreted as supermature and 
stripped of light aromatics. 

It is also suggested that thermal condensates are 
the analogs of supermature oils, the products of 
advanced cracking. They appear to be of rare occur- 
rence in unaltered form. Condensates which have 
been termed immature, in part on the basis of 
paraffinicity levels below those of normal oils 
(F = 0.5-0.8), might include, or entirely comprise, 
evaporative condensates of diminished apparent 
maturity. 

A fourth alteration vector, D, represents bio- 
degradation which results in extremely low values of 
both ratios, B and F. Data are given for North 
American oils in Thompson (1983), and in Welte et 
al. (1982) for those Vienna Basin oils which they 
designate as “altered”. 
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